Proteasomes are molecular machineries responsible for regulated protein degradation and general homeostasis. The distribution of this degradation capacity is reflected by the cellular localisation of proteasomal particles. Here we combine super-resolution imaging, single-particle tracking (SPT) and single-cell patch clamp techniques to investigate the localisation and translocation of endogenous mammalian proteasomes tagged with fluorescent proteins. While proteasomes are found dispersed in the cell without distinct localisation, we detect a higher density of proteasomes in the nucleus compared to the ER and the cytosol. SPT of proteasomes revealed two populations with diffusion coefficients averaging ~4 and ~0.8 µm 2 /s. The ratio between these two populations could be altered upon changed cellular conditions. We further report that proteasomal particles translocate to the cell periphery during hyperpolarisation, while depolarisation re-localises proteasomes to the cell interior. Depolymerising microtubules or actin filaments inhibited this potential-dependent translocation. Our results suggest that at resting membrane potential proteasomes undergo diffusion-based motions, while membrane polarisation may induce cytoskeleton-dependent translocation. Fine-tuning these translocation modes can potentially dedicate proteasomes to degradation activities at distinct subcellular sites. (173 words)
Introduction
The Ubiquitin-Proteasome system is responsible for selective protein degradation in cells, and regulates many key biological processes including DNA repair, cell cycle and homeostasis [1] [2] [3] . Proteasomes constitute ~1% of the mammalian proteome and are considered the main molecular degradation machinery in cells 4 . The 26S proteasome holoenzyme consists of a 20S core particle (CP) capped at one or both ends with 19S regulatory particles (RP) 5, 6 . The CP contains several proteolytic enzymes that cleave unfolded proteins into short peptides, while substrate recognition and unfolding are carried out by subunits of the RP 7,8,9 . In cells, the holoenzyme may reversibly assemble from free CPs and RPs 4 . Individual proteasomes may further assemble reversibly into distinct bodies inside the cell under certain physiological conditions 10, 11, 12 ; in particular they may associate with aggregates of misfolded proteins 12 .
While cellular proteasomes are dynamic, quantification of proteasomal motions remains elusive. One early study reported proteasomes to diffuse slowly in cells (diffusion coefficient <0.5 µm 2 /s) 13 . This was amended by a more recent study in yeast cells expressing CP and RP subunits genetically tagged with fluorescent proteins (FP), and showed a fast-as well as a slowly-diffusing proteasome population in both the nucleus and the cytoplasm 14 . To date, no direct tracking of individual endogenous proteasomal particles has been performed in live mammalian cells.
Various subcellular localisations of proteasomes have been reported, depending on the type of cells, method of fixation and imaging technique used [15] [16] [17] [18] . Early imaging studies on immunostained mammalian cells found that proteasomes preferentially localised to the ER/nuclear envelope 19, 20 . In yeast cells, the majority of proteasomal particles were found in the nucleus 21 . Additional studies have suggested that yeast and mammalian proteasomes may be imported from the cytosol into the nucleus (e.g. 22, 23 ) , and that proteasomal localisation could be dependent on the stage of the cell cycle 15, 21, 24 . A seminal study showed, by overexpressing a GFP-tagged RP subunit in neurons, that proteasomes translocated to synaptic spines upon membrane depolarisation, thus increasing local degradation activity 25 .
Recently, EM imaging of immunostained neurons further revealed a predominant CP localisation to the plasma membrane, which was distinct from their preferred cytosolic localisation in HEK cells 26 . Given that previous work has been carried out on fixed cells or through overexpressing fluorescently tagged proteasomal subunits, the use of live mammalian cells expressing endogenously tagged subunits may enable studies on the dynamics in proteasomal localisation in real-time.
In this work, we used 2D total-internal fluorescence reflection microscopy (TIRF) and 3D single-molecule localisation microscopy (SMLM) with a double-helix point-spread function (DHPSF) to study the localisation of proteasomes in HEK cells. Proteasomal particles were found dispersed throughout the cell, with highest density in the nucleus. We further implemented 2D single-particle tracking (SPT) of individual proteasomal particles, and detected two populations that diffuse either fast (D fast ~4 µm 2 /s) or slowly (D slow ~0.8 µm 2 /s).
Combining TIRF imaging with patch-clamp techniques, we showed that hyperpolarisation of membrane potential induced accumulation of proteasomal particles at the cell periphery, while depolarisation caused these particles to move away from the cell surface to the interior 4 of the cell. This potential-induced and reversible transport of proteasomes was lost in the presence of microtubule-or actin-depolymerising drugs. In contrast, depolymerising either cytoskeletal proteins had no effect on the diffusion coefficients of proteasomal particles at resting membrane potential. Therefore, transport of proteasomes between the cell periphery and the interior appears to be dependent on the proper assembly of the cytoskeleton, which is a distinct mechanism from random diffusion of proteasomal particles at resting membrane potential. Together, our data suggest that cellular translocation of proteasomal particles at resting membrane potential is largely through diffusive movements, while changes in the potential are able to also induce directional transport of proteasomes through the cytoskeleton.
Results

Proteasomal particles are densely localised inside the nucleus of mammalian cells
To study the dynamics of proteasomal localisation in live mammalian cells, we used CRISPR-Cas9 gene editing techniques to establish HEK293A (HEK) cell lines endogenously expressing either Rpn11 or Pre1, subunits of the RP and CP, respectively, fused to a FP (eGFP or mEos) at the C-terminus (see Materials and Methods). The C-termini of both Rpn11 and Pre1 have been routinely tagged with FP and other protein domains for purification of proteasomal particles and for studies on proteasome activity and localisation 11, 24, 27 . Biochemical analysis of the four transgenic cell lines (Rpn11-eGFP, Rpn11-mEos, Pre1-eGFP or Pre1-mEos; modifications confirmed by genotyping and Western blots) showed that the genetically modified Rpn11 and Pre1 were not detected in the lysate but co-immunoprecipitated with other proteasomal subunits, suggesting full incorporation into the RP and CP, respectively (SFigure 1). All cell lines we used in this study are expanded from single cells (monoclonal) and expressing both unmodified and FPmodified proteasomal subunits (heterogeneous), which enabled the FP to be detected at a suitable level for in vivo single-molecule imaging.
Early imaging studies found that a significant proportion of the proteasome holoenzyme was localised to the ER in immunostained HEK cells 19, 28, 29 , perhaps since proteasomes serve as the end destination for substrates of ER-mediated degradation 30 (reviewed in [ 31 ] ). We therefore first investigated the distribution profile of proteasomes in cells expressing transgenic Rpn11-mEos or Pre1-mEos using super-resolution microscopy.
To determine the proportion of proteasomes localised to the ER, we expressed a plasmid 5 encoding eGFP-sec61 in the transgenic cell lines 32 . Cells were fixed prior to sequential image acquisition of fluorescence emission from photo-converted mEos followed by from eGFP-sec61 (Figure 1a and b) . Our microscope was set up to image the cell interior in HILO mode 33 where fluorescence from eGFP-sec61 was clearly visible. Stochastic blinking of photo-converted mEos enabled us to perform fluorescence photo-activated localisation microscopy (fPALM) analysis (see Materials and Methods) with ~16 nm precision (SFigure 2). Using this approach, we quantified the fraction of individual mEos signals that overlapped with the ER (eGFP-sec61) in 2D, in the nucleus that is surrounded by the ER, or in the cytosol where no ER signal is detected (SFigure 3). Both Rpn11-mEos and Pre1-mEos were found at a higher density in the nucleus compared to in the ER/cytosol (~3-and ~2-fold higher, respectively), suggesting that the concentrations of RP and CP are relatively higher inside the nucleus (Figure 1c ).
Visualisation in 3D with a microscope dedicated for DHPSF imaging (detecting localisations over a ~4 µm axial range) showed an apparent higher density of Rpn11-mEos and Pre1-mEos signals in the central regions of the cell as compared to peripheral regions, further suggesting a higher proteasomal density inside the nucleus (SFigure 4). Proteasomal particles are dispersed throughout the cytoplasm and nucleoplasm, but excluded from the nucleoli and certain nuclear bodies, consistent with previous reports (e.g. 15, 34 ). ER colocalisation experiments were not conducted in 3D due to a lack of suitable SMLM probes for ER labelling. In all cells analysed both in 2D and in 3D, individual Pre1-mEos and Rpn11-mEos signals appeared to be distributed within the nucleus and the cytosol, with decreasing abundance towards the cell periphery (SFigure 3). We could not detect any significant clustering of fluorescence signals, which would have suggested preferred subcellular localisation or the presence of large proteasomal assemblies. Together, these results suggest that proteasomal particles are dispersed in both the cytoplasm and the nucleoplasm, with more proteasomes found in the cell interior than proximal to the cell periphery.
Two distinct diffusion populations of proteasomal particles
The lack of distinct subcellular localisation and accumulation of fluorescence signals suggest that proteasomal particles may be highly dynamic and moving freely within the cell. To verify this, we performed SPT in live transgenic cells expressing either Rpn11 or Pre1 fused 6 to eGFP, which fluoresces continuously without stochastic blinking. Movements of individual eGFP signals were tracked in TIRF mode to preferentially illuminate the cellular region within the evanescent field up to ~200 nm from the coverslip (cell periphery). For Rpn11-eGFP, we could observe two distinct populations of molecules diffusing at different rates in the cell, one apparently much faster than the other (tracking of two Rpn11-eGFP signals are shown in Figure 2a and SVideo 1).
The diffusion coefficients (D) of the two populations were determined by considering the distance covered by each individual molecule between consecutive image frames (Jump Distance, JD, see Materials and Methods). The JD values of individual tracks from each cell were separately fitted as previously described 35 . In cells expressing Rpn11-eGFP, a fastand a slow-moving (D fast at 3.7 ± 1.0 µm 2 /s and D slow at 0.8 ± 0.2 µm 2 /s, n = 14 cells) diffusion population were identified (Figure 2b and SVideo 2) with roughly equal abundance (54% ± 8% are D fast ), suggesting that there are two diffusion coefficients for the RP. Two populations at similar ratios (49% ± 9% D fast ) were also observed in cells expressing Pre1-eGFP, which had comparable D fast and D slow values (4.1 ± 1.2 µm 2 /s and 0.8 ± 0.2 µm 2 /s, respectively; n = 16, Figure 2c and SVideo 2) to those of Rpn11-eGFP. Our D fast values suggest that roughly half of cellular proteasomal particles appear to be freely diffusing, while D slow values are comparable to expected values for proteins associated with cellular structures or membranes. Both populations have been observed in previous FCS measurements in yeast cells with similar interpretations of the populations 14 .
Proteasomes have been shown to reversibly assemble into foci (e.g. PSGs, aggrosomes, and proteasomal clusters/"clastosomes") for dedicated cellular functions 10 . We suspected that assembly into such cellular bodies would reduce proteasomal movement by diffusion and followed previous protocols 10 to induce "clastosomes" in mammalian cells with a hypertonic solution(SVideo 3). TIRF imaging showed a slow-down of proteasomal particles immediately after treatment with a hypertonic solution (D fast reduced from ~4 to ~2 µm 2 /s and D slow from 0.8 to 0.5 µm 2 /s, n = 13 cells for both Rpn11-mEos and Pre1-mEos.
SFigure 5).
Notably, a lower proportion of proteasomes are fast-moving (~38%), suggesting that "clastosome" formation results in more proteasomes to assume the behaviour of the slow-diffusing population.
To confirm that the diffusion coefficients and populations were not restricted to proteasomal particles at the cell periphery, we repeated imaging in HILO mode and found no obvious change in the diffusion coefficients (SFigure 6), confirming the presence of two distinct diffusion rates of endogenous proteasomes in live cells. JD values from multiple cells were combined due to a higher rate of photo-bleaching associated with HILO imaging. We further determined the diffusion coefficients of eGFP-tagged USP21 as a control, to rule out that the fast-moving population was due to dissociation of the tagged subunit from the particle. USP21 is a mostly cytosolic protein of similar size to Rpn11 and related to the ubiquitin-system but does not stably form part of any known protein complex 36 . Accordingly, we detected a significantly higher D fast (11 ± 1.0 µm 2 /s) as well as D slow (1.5 ± 0.2 µm 2 /s,),
where the majority (>60%) of USP21-eGFP are fast-moving (SFigure 7, n = 8 cells; and SVideo 4).
Membrane potential induces proteasomal translocation to and from the cell periphery
Proteasomes in rat hippocampal neurons were reported in a previous study to relocalise and increase the local degradation activity in synaptic spines upon membrane depolarisation 25 .
We therefore tested whether changes in membrane potential may be exploited to regulate proteasome localisation and orchestrate proteasomal movements inside the cell. To modulate proteasome movements, we combined single-cell patch-clamp with TIRF imaging of transgenic Rpn11-eGFP or Pre1-eGFP cells. A lower laser power was used for TIRF illumination to reduce the rate of eGFP photo-bleaching during patch-clamp experiments.
The resting membrane potential was found to be around -20 mV, consistent with published values for HEK cells (e.g. [ 37, 38 ] ). The membrane potential was then clamped on cells expressing Pre1-eGFP and oscillated between depolarisation (+100 mV) and hyperpolarisation (-100 mV) (SFigure 8, n = 14 cells). Under TIRF illumination, we found that during hyperpolarisation Pre1-eGFP signals accumulated close to the cell periphery (i.e. within the evanescent field and hence detected by TIRF illumination), while every depolarisation event resulted in a drop of the detected fluorescence intensity, suggestive of proteasome translocation into the cell interior (Figure 3a These experiments together suggest that localisation of both the proteasomal CP and the RP are reversibly modulated through the membrane potential. Proteasomal particles are transported between the cell periphery and interior during hyper-or depolarisation, respectively. These events are clearly detectable under TIRF illumination, in contrast to the diffusive proteasome movements at resting membrane potential. Such directed and reversible translocation of proteasomes is suggestive of active transport along the cytoskeleton.
Potential-induced proteasome translocation is dependent on the cytoskeleton
Since the reversible movement of proteasomal particles to and from the cell periphery appeared to be bi-directional depending on the membrane potential, we next tested the hypothesis that the cytoskeleton is involved in enabling such translocation of proteasomes.
To address this, HEK cells expressing Pre1-eGFP were briefly incubated with Colcemid or Latrunculin A (LatA), which depolymerise microtubules or actin filaments, respectively, prior to the patch-clamp experiment. After 20 min treatment with Colcemid or LatA, hyperor depolarising the membrane potential no longer had any effect on the localisation of Pre1-eGFP (Figure 4a) , and the typical periodic changes in fluorescence intensity with the potential were lost (Figure 4c, top) . In contrast, reversible proteasome translocation was retained in cells treated with vehicle controls (DMSO or EtOH, Figure 4b ), and the fluorescence intensity expectedly oscillated with changes in the potential (Figure 4c, bottom) .
These results suggest that the loss of potential-dependent translocation was due to depolymerisation of the cytoskeleton.
Similar results were also observed in Rpn11-eGFP cells treated with Colcemid or LatA, which were comparable to the Pre1-eGFP cells with depolymerised cytoskeleton (Figure 4d ), further indicating that both the CP and the RP are dependent on the cytoskeleton for transport (SVideo 8). Interestingly, we could not detect any obvious differences in the diffusion coefficients of Pre1-eGFP or Rpn11-eGFP even after prolonged incubation with either LatA or Colcemid (Figure 5) . Thus, the cytoskeleton may only be involved in proteasomal transport induced by changes in membrane potential but does not affect their normal diffusive movement. Assembly of both microtubules and actin filaments appear to be necessary for the translocation of proteasomal particles between the cell periphery and the interior in a potential-dependent manner.
Discussion
The localisation and motion of the CP and RP showed very similar behaviour in the current study. Both particles are densely localised in the nucleus, and appear to diffuse at two distinct rates independently of the assembly of microtubules or actin filaments. These observations suggest that holoenzymes could be the dominant form of proteasome assembly in mammalian cells, which has already previously been reported for yeast cells 14 . The values we determined for D fast and D slow by direct imaging are consistent with those obtained from FCS in yeast cells 14 Additional studies on other cellular events that may affect proteasomal motion, e.g. through 1 0 induction of proteasomal "clastosome" formation, may further complete this working model of proteasome translocation. The current work is, to our knowledge, the first study of mammalian proteasomes using endogenously tagged proteasome subunits.
Relocalisation of proteasomal particles has been previously reported in rat neurons, where depolarisation induced accumulation of proteasomes in an actin-dependent manner 25 .
We showed here that in HEK cells, changes in the membrane potential induce proteasome translocation in a manner that depends on both microtubules and actin filaments. Previous mass spectroscopy studies in HEK cells have suggested potential molecular interactions of proteasomes with motor proteins as well as tubulin and actin 39 . Directional transport along the cytoskeleton would enable a rapid increase in proteasome level and thus local degradation activity, in response to changes in membrane potential. Intriguingly, only a subset of proteasomes appeared to be transported in both our and the previous study in rat neurons 25 .
This suggests that other proteasomal particles remain dispersed through the cell to ensure that general protein turnover and homeostasis are not disrupted. Given that different cell types have distinct resting membrane potentials, proteasome localisation and movement might be very different between cell types and account for some of the reported differences (reviewed in [ 17 ] ). Small changes in local proteasome level could therefore be sufficient to activate physiological processes sensitive to degradation. For instance, fluctuations in membrane potential are characteristic to the phases of the cell cycle 40, 41 , a process during which the cell undergoes major changes in protein composition and cell morphology, both of which are critically regulated by proteasome-dependent degradation in a spatio-temporal manner 42 . It remains to be discovered in future studies whether other types of processes associated with changes in membrane potential, such as cell cycle, cell stress and neuronal membrane excitability, may result in similar proteasomal responses. 
Materials and Methods
Transgenic cell lines
Genomic sequences of mammalian RPN11 and PRE1 were modified at 3'-end of the last exon with CRISPR-cas9 genetic engineering system to replace the stop codon with DNA sequences coding for eGFP or mEos3.2. HEK293A (HEK) cells were co-transfected with a donor plasmid (encoding the FP sequence flanked by the homology arms of RPN11 or PRE1), gRNA plasmid (targeting the 3'-end of either RPN11 or PRE1 DNA sequence), and an SpCas9 expression plasmid. Clones expressing eGFP or mEos were individually sorted by fluorescence intensity and grown to confluency. Correct insertions of FP sequence into the genome was identified by PCR using primers based on the flanking sequences followed by sequencing of the PCR product. Cell lines deemed suitable for TIRF imaging were selected for subsequent experiments. Heterogeneous monoclonal cells encoding Rpn11-eGFP, Pre1-eGFP, Rpn11-mEos or Pre1-mEos were used in this study.
Co-immunoprecipitation of proteasome particles
We confirmed incorporation of modified Rpn11 and Pre1 into proteasome particles by coimmunoprecipitation as previously described 25 (ab140426, Abcam). Wild-type HEK293A cells were used as controls and followed the same treatment.
Cell imaging preparations
Cells were plated on glass coverslips (0.17 mm, Thorlabs) and grown at 37 °C in DMEM (Sigma) containing 10% FBS and 1% antibiotics one day before imaging. All glass coverslips were cleaned with Argon plasma for 1 hr before incubation with cells. For the fixation procedure, cells were incubated with PBS buffer containing 4% paraformaldehyde and 0.2% glutaraldehyde for 10 min on the bench. Prior to imaging, cells were washed three times and imaged in warm OptiMEM (Sigma) filtered through 0.02 µm pores. A metal chamber containing 1 ml OptiMEM was used to secure the coverslip above the objective. All imaging was performed in temperature-controlled chambers. For microtubule or actin depolymerisation assays, cells we incubated with 5 µM colcemid (Sigma) or latrunculin A (Anachem), prepared in DMSO or ethanol, respectively, resulting in a 1:200 dilution from the stock solution. After 20 min or 2 hrs at 37 °C, cells were taken out from the incubator and washed three times using OptiMEM before imaging as described above.
TIRF and HILO instrument and imaging 2D
Imaging was performed using a bespoke TIRF microscope. Diode lasers operating at 405 nm single-molecule tracking, an exposure of 5 ms was used. A short pulse of 405 nm was used to photoconvert mEos, which was subsequently excited using the 561 nm laser. The pixel size (107 nm) was measured prior to recordings.
fPALM image analysis
The image analysis of the fPALM and ER respective density analysis was performed using FiJi and custom Matlab scripts. To generate masks for the ER, the cell and the nucleus, the image stacks of the bulk mEos intensity were averaged and background subtracted using FiJi rolling background subtraction (radius of 50 pixels). The masks for the nucleus were selected manually and the cell edges were detected using gradient-based thresholding, which were filled to create the cell mask. Localisations within the nucleus versus the outside of the nucleus where counted and related to their respective areas. For SFigure 3, the ER mask was created using intensity-based thresholding (70% of maximum intensity) while the cytoplasm mask was defined as cell mask minus ER and nucleus mask. The localisation of the mEos signals was done after a rolling background subtraction (radius of 3 pixels) using the freely available localization software PeakFit (www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/ smlm_plugins). Only localisations with a precision smaller than 40 nm, a minimum of 30 photons and a signal strength of 40 were taken into account.
Single-molecule tracking
Single-molecule images were analysed using a custom Matlab script 35 . A bandpass filter (1 to 5 pixels) was first applied, followed by identification of local maxima in raw images.
Maxima were identified based on a signal-to-noise threshold, which was set to 4, and spots with a radius less than 8 pixels were then linked together to form tracks 43 . The tracking algorithm allowed molecules to move a maximum distance of 6 pixels per frame. Only tracks longer than 6 frames were used for analysis.
Diffusion analysis by Jump distance
Jump distance (JD) analysis has been described before 35, 44 and was applied to tracks detected from each imaged cell to investigate heterogeneities in the diffusion coefficient distribution. 1 4 Briefly, the probability distribution P(r 2 , Δ t) of the squared distance, r 2 , traveled in one time step, Δ t, was fitted using
where f is the fraction corresponding to population j, and m is the number of populations. JD analysis was applied to tracks from each cell individually. m was selected by evaluating the coefficient of determination, R 2 , of the fit to a single population. m=1 for R 2 >0.9 and m=2 for R 2 <=0.9 (detailed in 35 ).
Double-helix Point Spread Function imaging in 3D
Double-Helix Point Spread Function imaging was performed as previously described 45 .
Briefly, DHPSF imaging was carried out on a bespoke microscope incorporating a NA 1. 25 & FF01-580/14-25, Semrock). All DHPSF data was analysed by easy-DHPSF software 46 and was rendered using ViSP 47 .
Patch clamp and imaging
Recording pipettes (4-6 MΩ) were pulled from borosilicate glass, and were filled with an internal solution (135 mM potassium gluconate, 10 mM HEPES, 10 mM sodium phosphocreatine, 4 mM KCl, 4 mM MgATP, 0.3 mM Na2GTP, pH 7.2 [adjusted with KOH]) 1 5 and osmolarity set to 291 mOsmol l −m . Signals were acquired using an Axon Multiclamp 200B amplifier (Molecular Devices). Recordings were low-pass filtered at 2 kHz and acquired at 5 kHz using an NI X Series Multifunction DAQ (National Instrument) programmed by Axograph software. Membrane voltage was recorded in the current clamp mode. Series resistance was 10-25 Mso and experiments were terminated if this range was exceeded.
To investigate proteasomal responses to the membrane potential, the membrane measured as intensity increase over the time between the first minimum to the closest maximum. If there was only one peak detected the rate is calculated as intensity increase over the time between the peak and the local maxima or minima. If there were no peaks detected, the rate is calculated as the rate of signal increase over the minimum to the maximum of the entire trace. Every cell was therefore assigned a rate of intensity increase in relation to the maximum intensity of that cell. Box plots are used to represent mean value, 95% confidence interval and range of each dataset. Statistical significance was calculated using student's t-test. 
